ABSTRACT
INTRODUCTION
This study presents a re-annotation of the Mycoplasma pneumoniae genome, updating the original published annotation by Himmelreich et al. (1; deposited in GenBank) through further sequence analysis, incorporation of knowledge from the literature and new experimental data. There are inherent difficulties in genome annotation, even if the genome considered is small (the M.pneumoniae genome has a size of only 816 kb). In the original annotation 328 proteins (48%) from M.pneumoniae had no functional assignment. Comparisons and contradictory results with the genome annotation of the closely related Mycoplasma genitalium (2) (3) (4) (5) (6) (7) illustrate that functional annotation is a continuing effort.
With these difficulties in mind, we have tried to approach the re-annotation in a more formal way. First, we re-examine gene contents and reading frame lengths (Table 1 ) and define the semantics used for the re-annotation (Table 3) . Second, important steps in the annotation reasoning and the programs used are given, allowing reproducibility. Third, new experimental genome analysis data from M.pneumoniae support our effort.
The protein and RNA inventory of M.pneumoniae is made much more complete by the re-annotation, as shown by examples from all annotation categories discussed below.
MATERIALS AND METHODS

Computational genome and sequence analysis techniques
The complete genome of M.pneumoniae was extensively compared to available completely sequenced genomes (in particular to M.genitalium) to better assign and identify the encoded proteins therein. Furthermore, iterative sequence analysis searches (PSI-BLAST; 8) compared M.pneumoniae sequences to other organisms and public databases. The statistical expectancy value for reporting hits by chance was generally set at a conservative threshold of an expected value E of 10 -6 .
To independently check and test these results, we applied not only other programs with similar function, such as HMM and fasta searches, but also complementary tools and methods, such as domain analysis, phylogenetic analysis, analysis of context and clusters of orthologous genes. This also included analysis of gene duplications, replacement by unrelated sequences (non-orthologous displacement; 9) and gene neighborhood to determine orthology (10) . Furthermore, we applied the different tools using extensive sequence analysis protocols as described and reviewed previously (11) . Amongst other tests, this included verification of detected similarities by reciprocal searches from identified sequences and determination of the exact region where the sequence similarity was actually found. In particular, the multidomain architecture of many proteins has been taken into account. Functional assignments were tested and confirmed, including sequence searches from sequences with experimentally determined functions (12) . Significant links to experimentally determined functions were established.
Phylogenetic analysis was applied to analyze gene duplication events and clarify the substrate specificity of the encoded enzymes.
Detailed data for each reading frame, including annotation reasoning and programs used, are available on our web site (www.bork.embl-heidelberg.de/Annot/MP/ ). The updated annotation data are furthermore deposited with GenBank (update of accession no. U00089; 1).
A number of standard features are included in the web table: gene numbering (original GenBank number and new revised numbering from the putative origin of replication in accordance with widely used numbering schemes for prokaryotic genomes), GenBank identifier and accession no.; original GenBank annotation and revised annotation; where applicable and of interest, proteins with similar sequence with known 3-dimensional folds (13) ; metabolic pathway assignment (14) ; MG orthologs and MP homologs; intrinsic features (transmembrane domains, protein export signals, low complexity regions and coiled coils); domain annotations according to the SMART program suite (15) ; characterizing comments on reading frames.
Experimental genome analysis techniques
Mycoplasma pneumoniae culture, treatment of cells and protein extraction are described in Proft and Herrmann (16) .
2-Dimensional gel electrophoresis followed standard procedures (17) . The pH gradient in the first dimension was from pH 3 to pH 10 and in the second dimension vertical slab gels were used.
Protein identification by mass spectrometry (details in 18).
Colloidal Coomassie Blue stained protein spots were cut out and tryptic gel digests were done. The tryptic peptides were eluted, concentrated and analysed by on-line micro-HPLC and ion trap mass spectrometry (MS/MS). Ion trap mass spectrometry permitted identification of the protein by comparing the masses of tryptic peptides and their fragmentation pattern to a protein database directly translated from the DNA sequence. An in-depth analysis of the 2-dimensional gel and mass spectrometry data for M.pneumoniae will be published elsewhere (J.T.Regula, B.Ueberle, G.Boguth, A.Görg, M.Schnölzer, R.Herrmann and R.Frank, submitted for publication).
mRNA expression. Measurement of mRNA expression of the different M.pneumoniae genes (comparing different growth temperatures) followed standard techniques using DNA arrays (19; H.W.H.Göhlmann, C.U.Zimmermann and R.Herrmann, unpublished data).
Other techniques. Standard molecular biology techniques for genome sequencing, cloning, northern hybridization and protein analysis were applied according to Sambrook et al. (20) .
RESULTS AND DISCUSSION
Identification of genes and reading frame length
RNA. Encoded RNAs and RNA genes were identified by systematic sequence comparison to orthologous RNAs from different prokaryotic and eukaryotic species and to GenBank and to available RNA databases for specific RNA types (21) (22) (23) (24) (25) . We did not consider other completely novel or non-consensus RNA variants (26, 27) . Two new tRNA Leu were added and the positions of 19 of the original 33 tRNA annotations were revised. Furthermore, re-annotation of the positions of three rRNA genes (5S rRNA, 16S rRNA and 23S rRNA) and of three other functional RNA molecules (RNase P, 10Sa RNA and 4.5S RNA) were included, as well as a description of a new 200 nt RNA. The 200 nt RNA, named MP200 RNA, was further analyzed in detail, including northern analysis. It is highly abundant. Its rich stem-loop structure and the potential to encode cysteine-rich peptides is conserved between M.pneumoniae and M.genitalium, however, its specific function is still unclear (28) .
Proteins. The intergenic regions were re-analyzed by sequence comparisons to identify unrecognized reading frames (Table 1,  top) . This yielded a total of 12 new proteins (two unassigned short proteins identified by mass spectrometry, six hypothetical proteins and four with predicted functional features) (Fig. 1) . Furthermore, one of the original reading frames was dismissed and four with sequence similarity to proteins were discarded as they contain frameshifts and are likely pseudogenes (Table 1) . Apart from PSI-BLAST searches these results were checked by extensive protein family alignments and other techniques as explained in Materials and Methods. As a result, the current number of protein genes we report here is 688, an increase of 11 from the previous annotation.
All protein reading frames were consistently renumbered (MPN numbers; see our web page) from the origin of replication as in other prokaryotic genome efforts. Genome identifiers for the proteins discussed in the paper, sorted according to MPN number, are summarized with their alternative identifiers in Table 2 [the new number, old identifier according to Himmelreich et al. (1) , PID and ORF identifier are listed]. In the following the MP numbers according to the original numbering system after Himmelreich et al. (1) are given as subscripts in parentheses for reference to previous papers. These MP numbers are not identical to the subsequent GenBank numbering.
The reading frame lengths were also re-examined. Previously unrecognized extensions of different MP proteins became apparent and are summarized in Table 1 (bottom). The eight reannotated proteins that have been shortened at the N-terminus are already included in the SwissProt sequence database. Protein fragments and overlaps were also identified. For example, MPN305 (MP532) and MPN304 (MP533) are N-and C-terminal fragments of arginine deiminase. Re-sequencing suggests that the separating frameshift is real, while intact MPN560 (MP282) provides arginine deiminase activity.
As a further validation of the results derived by sequence comparison and theoretical analysis, two of the predicted N-terminal extensions (Table 1 , bottom) were directly confirmed using 2-dimensional gel electrophoresis and mass spectrometry. Applying this combination, 350 protein spots were resolved and analyzed in a systematic effort to study the proteome of M.pneumoniae. Figure 1A shows peptides of the protein MPN033 (MP121) identified by mass spectroscopy in bold. Protein reading frame sequences not covered by these peptides are shown in plain text. The other predictions are currently being examined by the same techniques. In Figure 1B mass spectrometry data for three new, short proteins in M.pneumoniae are shown. Two of these short proteins show no homology to any known sequences (also not in HMM and SMART searches), while the third reading frame has significant similarity to a small subunit of the PTS system (expected E value applying PSI-BLAST of 10 -36 ). This confirmed experimentally an ORF between P02_orf660 and P02_orf159 already suggested by Reizer et al. (29) , as well as by our screen for proteins in previously intergenic regions (MPN495 (MP346.1) ; Table 1 ). Furthermore, the hypothetical protein MPN254 (MP579.1) predicted from the intergenic screen was confirmed by the same technique (Fig. 1C) . The localization of the 2-dimensional gel spot for this protein before tryptic digestion for mass spectrometry is shown in Figure 1D .
Re-annotation of protein function
We considered a functional feature to be predicted for the product of a reading frame if either its molecular function could be predicted (e.g. 'methyltransferase') or the biological context has become clear. Thus, a transmembrane domain (predicted as an intrinsic feature) is not considered specific enough for a functional annotation, however, 'permease' (indicating the biological activity) is. Similarly, a non-specific description regarding an external stimulus (such as 'glucoseinhibited protein') was not considered to be sufficient for a functional annotation, whereas the cellular role (i.e. 'cell division protein') is. Different functional re-assignment categories are given together with an example for each category in Table 3 . Apart from the first group of 297 proteins for which the annotation could be confirmed ('conf'; Table 3 , top; 43% from a total of 688 proteins), modifications of the original annotations were made. These included semantic modifications (mainly in the classification of hypothetical proteins) and modified functional assignments (in all protein categories). Table 1 . Identification of genes and reading frame length a a All intergenic regions between any of the previously annotated protein reading frames were re-screened applying sequence analysis to identify hitherto overlooked reading frames (top). Similarly, previously unrecognized extensions became apparent by sequence comparison as well as shortened reading frames (bottom). b These four reading frames contain in-frame stops and are not counted. c Data of these reading frame modifications were shared with SwissProt and either are or will very soon be updated in SwissProt. d The C-terminal extensions are supported by sequence alignment to related protein reading frames from other organisms. However, they are only possible with frame shifting or mutation of stop codons. This indicates either pseudogenes or sequencing errors in these regions. In addition to the N-and C-terminal extensions listed, there is a potential intergenic extension. Adjacent ORFs MPN347 (MP490) and MPN345 (MP492) may be connected with MPN346 (MP491) to form one gene via the intergenic regions, but this would again require some frame shifting [hsdR restriction enzyme (pseudo)gene, sequencing error or gene fragments].
previously annotated reading frames
Intergenic hits to a hypothetical protein 
For MPN033 (MP121) (uracil phosphotransferase; P75081) and MPN395 (MP444) (adenine phosphoribosyltransferase) the 2-dimensional gel molecular weights confirm the predicted extension
Proteins shortened at the N-terminus
The following protein reading frames are shorter (N-terminus begins later) than the previously annotated M.pneumoniae GenBank annotation In the following only a few examples for each re-annotation category (hypothetical, conserved hypothetical, wrong, less, more_, new_conf and new) are discussed in the order they appear in Table 3 . More data are summarized in the tables and each reading frame annotation for the whole genome can be found at http://www.bork.embl-heidelberg.de/Annot/MP/
Proteins of unknown function
The original GenBank annotation of M.pneumoniae does not provide a known functional feature for 328 protein reading frames. These protein reading frames are listed in Table 4 under four different categories. Part of our effort was motivated by the goal to add functional information to these entries. For example, 42 proteins were previously assigned as 'putative lipoproteins' only and four putatitive lipoproteins which were given a defined functional assignment (1). For these proteins, the prokaryotic lipoprotein motif (prosite PS00013) is present [lipobox, Met++, more or less hydrophobic leader region Leu(Ala/Ser)(Gly/Ala)Cys; the leader region is very short in MPN561 (MP281) and MPN051 (MP103) ]. Palmitylation assays indicate that the number of proteins with lipid attachment sites in M.pneumoniae should be 25-30 (Pyrowolakis and Herrmann, unpublished results), but so far only the subunit b of the F 0 F 1 -type ATPase has been identified experimentally as a lipoprotein (30) . A reliable, homology-based prediction requires the identification of a related sequence with a domain confirmed to be involved in lipid binding. This was the case for only six of the 42 putative lipoproteins. Another two were found to have a distinct function. The other 34 sequences were re-annotated more conservatively as 'hypothetical' or 'conserved hypothetical' (the next two categories in Table 3 ; conserved hypothetical if there was a related protein sequence in another species).
Expression of mRNA (Table 4) was confirmed by gene expression data for 184 of the (conserved) hypothetical proteins using macroarrays (19) . The macroarray data are given for individual reading frames in our complete genome annotation table (see Materials and Methods; presence of an mRNA for an individual reading frame is labeled 'mRNA expressed' in the web table).
Re-annotation of functional assigned proteins
Four annotations were completely replaced (wrong; example in Table 3 ). In several cases the original annotation was too broad and a less specific one (keyword 'less'; Table 3, middle) had to be chosen. MPN007 (MP147) is an example. It was originally annotated as DNA polymerase III subunit δ′. However, there is not enough sequence similarity to confirm that functional assignment. The sequence similarities in PSI-BLAST runs to other subunits such as γ and τ have similarly high E values (ranging from 10 -7 to 10 -4 for each of them; protein length is well covered; similar results are apparent from phylogenetic analyses or analyzing the domain architecture) and only similarity to an unspecified subunit of DNA polymerase III is annotated by us.
New functional features compared to GenBank were annotated in 109 cases, including predictions for four completely new reading frames. Each of these adds some information to the predicted protein and enzymatic repertoire of M.pneumoniae (Table 5 ). We defined three categories: novel functional features, novel annotation integrating public knowledge and novel prediction (more_, new_conf and new; Table 3 , bottom).
Novel functional features.
In 30 cases we could add functional features to the functional annotation present (more_; Table 3 ). An example is MPN237 (MP595) , which was originally annotated as an amidase homolog. Sequence analysis using PSI-BLAST shows that one can be more precise about this finding; this sequence is similar to glutamine-tRNA amidotransferase subunit A (this is also evident from the family alignment). There is high and significant homology over the full sequence length to, for example, the recently experimentally characterized sequence from Bacillus subtilis (31) . This similarity has also been included in the recent update of the homologous M.genitalium sequence by GenBank.
Novel annotation integrating public knowledge. Since the release of the original GenBank annotation (1) , new data on the sequence entries have become available and the sequence analysis software has been enhanced (see for example 8). To integrate these new data in an unbiased and systematic fashion, first all sequence entries were re-analyzed with the latest sequence analysis software (see Materials and Methods). The old annotation was also extensively compared to the results from a survey of recent literature and public database updates such as the SwissProt sequence database. The complete M.genitalium sequence has been recently updated and a number of papers (see for example 32-34) have described novel predictions and experiments for many of the M.pneumoniae genes. Inconsistencies with the original annotation found by our own sequence analysis can be resolved with higher certainty by systematically retrieving and critically comparing this public data from different sources.
MPN558 (MP284) and MPN557 (MP285) provide typical examples (Table 5) . Originally annotated as glucose-inhibited cell division proteins B and A, detailed sequence comparisons, including PSI-BLAST, domain architecture and complementary sequence analysis methods (such as predicting protein 3-dimensional Novel prediction. There are 36 cases where (at least to our knowledge) the functional assignment is completely new (Table 5 ). An example is the protein secretion system in M.pneumoniae. The system has been well characterized in Escherichia coli (35) . Cytosolic chaperones or regulators (trigger factor, SecB, DnaK, bacterial signal recognition particle and FtsY) deliver the protein to a membrane transporter (SecA). The receptor should also function as a motor to push the protein across the membrane via specific protein channels (SecY, SecG, SecE, SecD and SecF). Himmelreich et al.
(1) noted that they had identified trigger factor, DnaK, SRP and FtsY as well as SecA, whereas of the channelforming proteins only SecY could be assigned, leaving the secretion pathway incomplete.
We have now annotated protein reading frames similar to SecD, SecE and SecG, yielding a new, more complete picture of this secretory pathway in M.pneumoniae. As several pathogenicity factors (e.g. re-annotated hydrolases and lipases; Table 5 ) are secreted, the respective protein channels are potential drug targets.
SecE and SecG were annotated by integrating public knowledge. MPN068 (MP086) is a SecE homolog (new_conf, updated COG0690; 35). MPN242, a region previously annotated as intergenic, is the missing SecG homolog. The YvaL homology has also been reported by Bellgard and Gojobori (38) . YvaL has in the meantime been experimentally verified to be a SecG homolog (39) .
However, MPN396 (MP443) , with its similarity to secD, provides an example of a novel prediction (Fig. 2) . This protein had been annotated before as a conserved hypothetical protein, the MG277 homolog from M.genitalium (1, 35, 36 and in the SwissProt update of M.genitalium). PSI-BLAST searches indicate similarity to the secDF protein from B.subtilis after the second iteration.
Further analysis re-tested this suggestion and showed that protein MPN396 (MP443) contains a domain similar to secD and a second part (which may perhaps be another domain involved in secretion, such as a fusion with the related secF as in B.subtilis secDF). The similarity of the secD-like domain in MPN396 (MP443) was confirmed by PSI-BLAST searches from established secD proteins [finding MPN396 (MP443) with expected values well below 10 -6 in the second iteration]. Moreover, clusters of orthologous genes and gene neighborhoods (both available using the STRING tool at http:// www.bork.EMBL-Heidelberg.DE/C-GOD ) back this prediction by independent methods. Detailed sequence alignment (the central portion is displayed in Fig. 2A) shows clear homology to other secD domains but indicates also that the Mycoplasma sequences are only secD-like. A phylogenetic tree of established New protein reading frames (see Table 1 ; four new functional annotated reading frames; five conserved hypothetical; two hypothetical)
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RNA and protein genes in the complete genome 730 secD and secF sequences including MPN396 and MG277 gives a similar result (Fig. 2B) . We suggest that MPN396 with its secD-like domain should further complete the secretory repertoire in M.pneumoniae; however, experiments and analyses have now to better determine its exact relation to the established members of the sec family characterized to date. No homologous sequence has been found for SPase I in the secretory pathway in M.pneumoniae. SPase I would cleave the signal peptide before secretion. However, suitable cleavage sites have been identified for several M.pneumoniae proteins (1) and one of the proteases identified may contain this function, such as the new annotated intracellular protease MPN386 (MP542) (new_conf, COG 0693).
Re-annotated molecular functions enable predictions on higher levels
The re-annotation of molecular functions may in addition provide some answers regarding higher levels of cellular interactions such as transport (several new annotated permeases and transporters are listed in Table 5 ), secretion (example above) and pathogenicity factors. Metabolism, multiple substrate use and existing operons are also better described.
Metabolism.
As an example, MPN547 (MP295) was previously annotated as a homolog of MG369, which in the recent update of M.genitalium (December 1999) is still given as a conserved hypothetical protein. Detailed sequence analysis (see Materials and Methods) shows, for example, similarity to experimentally characterized dihydroxyacetone kinases from different bacteria and fungi in PSI-BLAST searches of the N-terminal 300 amino acids with significant E values below 10 -7 , also apparent from the latest COG table (35) . The dihydroxyacetone kinase domain could yield ATP by transforming dihydroxyacetone phosphate and ADP into dihydroxyacetone and ATP. The predicted activity can be metabolically connected to phospholipid metabolism in M.pneumoniae and the necessary supply of dihydroxyacetone phosphate via MPN051 (MP103) (glycerol 3-phosphate dehydrogenase reading frame, confirmed in re-annotation). The remaining sequence of MPN547 (MP295) (total length 558 amino acids) may regulate or add further to this predicted enzyme activity.
Multiple substrates. There seem to be M.pneumoniae enzymes which can interact with several substrates, for example MPN158 (MP674) . As already indicated in the first annotation and in SwissProt (P22990), given its clear and high sequence similarity over the full length to biochemically well-characterized enzymes from Gram-positive homologs, the encoded enzyme can act as both a riboflavin kinase and an FMN adenylyltransferase using one substrate binding site (according to biochemical data for the Corynebacterium ammoniagenes enzyme; 40). However, considering that MPN047 (MP107) is now re-annotated as nicotinate phosphoribosyltransferase (by sequence similarity, including biochemically well-characterized family members) and that MPN562 (MP280) is and was annotated as an NH 3 -dependent NAD synthase, it is tempting to speculate that MPN158 (MP674) also has nicotinate-nucleotide adenylyltransferase activity besides FMN adenylyltransferase activity. This capability would complete the synthesis of NAD from imported nicotinic acid, a pathway so far incomplete. The reaction mechanism and substrate seem to be sufficiently similar to suggest this, but, as further experimental evidence is lacking, we have kept the original annotation and suggest this further activity of the reading frame product only as a comment. (Table 3) . Details on these shortened, abbreviated annotations are given in the text; the complete list, detailed comments and additional information can be found at http://www.bork.embl-heidelberg.de/Annot/MP/ . New data are also included at this site if they shed new light on already known annotations; for example, in the hsdS restriction enzyme system recent data from Mycoplasma pulmonis enzymes similar in sequence suggest rapid evolution (44 A ribulose uptake operon is apparent. Small operons were known previously for fructose (MPN078 (MP077) and MPN079 (MP076) ) and mannitol (MPN651 (MP191) -MPN653 (MP189) ). Ribulose is now found to be transported (MPN496 (MP346) , MPN494 (MP347) ) and channeled via D-arabinose 6-hexulose 3-phosphate synthase (MPN493 (MP348) ) and D-arabinose 6-hexulose 3-phosphate isomerase MPN492 (MP349) into fructose 6-phosphate and glycolysis. Of these proteins, MPN496 and MPN493 were not functionally annotated before and MPN494 had been annotated as a hypothetical phosphotransferase. These new functional assignments also became apparent on integrating data from SwissProt annotations with further direct experimental data published and realized for homologous proteins. Furthermore, we have now added a description of and data on the pentitol BC subunit of the ribulose transporter (MPN495 (MP346.1) ; see Table 1 and data in Fig. 1B) , not annotated before.
Lessons for genome annotation
The re-annotation presented here is only our current interpretation of the genome sequence. There remains a substantial fraction of proteins unassigned (230 of 688 or 33%) and even this prototype of a small or even minimal genome (34,41) is far from being completely understood. To reduce the level of errors, close cooperation, regular updates and deposition of the findings in databases such as SwissProt and GenBank is required. We support calls for concerted efforts in re-annotation and a consistent nomenclature (3, 42, 43) .
Regular, well-documented further updates of genome sequences will yield a considerable gain in information. We have focused mainly on the molecular functions of the proteins because these can be directly deduced from the protein sequence and/or simple experimental tests. Furthermore, we approached the re-annotation in a more formal way, including semantics, re-annotation categories and inclusion of programs and reasoning to allow reproducibility. New experimental data were integrated, including data from this study on mRNA expression and proteome analysis. In this way, three new RNAs and 12 new proteins were identified, protein lengths (24 cases) and RNA positions (25 cases) were corrected and several new operons predicted. On the next level of re-annotation, the increase of 31% in functional assignments obtained (from 349 to 458) was not only quantitative but improved our overall knowledge regarding pathogenicity factors, secretion, transporters and metabolism of M.pneumoniae.
